Grapevines are typically grown from cuttings rather than sexual reproduction. However, 13 clones are not necessarily genetically identical because they accumulate somatic mutations. The 14 purpose of this study was to better understand the consequences of clonal propagation and 15 involved defining the nature and extent of somatic mutations throughout the genome. Sixteen 16 Zinfandel winegrape clone genomes were sequenced and compared to one another using a highly 17 contiguous genome reference produced from one of the clones, Zinfandel 03. Though most 18 heterozygous variants were shared, somatic mutations accumulated in individual and subsets of 19 clones. Overall, heterozygous mutations were most frequent in intergenic space and more 20 frequent in introns than exons. A significantly larger percentage of CpG, CHG, and CHH sites in 21 repetitive intergenic space experienced transition mutations than genic and non-repetitive 22 intergenic spaces, likely because of higher levels of methylation in the region and the disposition 23 of methylated cytosines to spontaneously deaminate. Of the minority of mutations that occurred 24 2 in exons, larger proportions of these were putatively deleterious when the mutation occurred in 25 individual or relatively few clones than when the site was heterozygous and shared by all or most 26 clones. These data support three major conclusions. First, repetitive intergenic space is a major 27 driver of clone genome diversification. Second, vegetative propagation is associated with the 28 accumulation of putatively deleterious mutations. Third, and most interestingly, the data suggest 29 that some degree of selection against deleterious variants in coding regions may exist such that 30 mutations are less frequent in coding than noncoding regions of the genome. 31 32
Introduction 36 Cultivated grapevines are vegetatively propagated. As a result, the genome of each 37 cultivar is preserved, except for the accumulation of mutations that accrue over time and can 38 generate distinguishable clones (1-4). Somatic mutations tend to be heterozygous, recessive, and 39 effectively "hidden" (2), but are responsible for several notable phenotypes. For example, a 40 single, semi-dominant nucleotide polymorphism can affect hormone response (5) and recessive 41 insertion of the Gret1 retrotransposon in the promoter of the VvmybA1 transcription factor 42 inhibits anthocyanin accumulation in white varieties (6), as do additional mutations affecting the 43 color locus (7-10). The fleshless fruit of an Ugni Blanc clone and the reiterated reproductive 44 meristems observed in a clone of Carignan are both caused by dominant transposon insertion 45 mutations (11, 12) . In citrus, undesirable mutations can be unknowingly propagated that render 46 fruit highly acidic and inedible (13, 14) . Interestingly, somatic mutations in plum are associated 47 with a switch from climacteric to non-climacteric ripening behavior (15). 48 3 Mutations occur in somatic cells that proliferate by mitosis. These can occur by a variety 49 of means, including single base-pair mutations (16, 17) that are more prevalent in repetitive 50 regions because methylated cytosines are passively deaminated to thymines (18-20), polymerase 51 slippage that drives variable microsatellite insertions and deletions (21), and larger structural 52 rearrangements and hemizygous deletions (10, 22) . Transposable elements are also a major 53 source of somatic mutations in grapevines (23), though transcriptional and post-transcriptional 54 mechanisms exist to prevent transposition and maintain genome stability (24-27). 55 Distinct clones can emerge following a mutation in a shoot apical meristem that spreads 56 throughout a single cell layer, creating periclinal chimeras. This chimera is stable for Pinot 57 Meunier, a clone of Pinot Noir with distinct L1 and L2 layers in shoots (3), but cellular 58 rearrangements can result in the homogenization of the genotype in both cell layers (28) in other 59 periclinal chimeras. This is the case for green-yellow bud sports of the grey-fruited Pinot Gris, 60 wherein sub-epidermal white cells invaded and displaced epidermal pigmented cells (9). 61 Despite their significance, there is limited understanding of the extent, nature, and 62 implications of the somatic mutations that accumulate in clonally propagated crops (29) . 63 Genotyping approaches based on whole genome sequencing make it possible to identify genetic 64 differences without predefined markers (23,30,31) and expedite learning the genetic basis of 65 valuable traits and developmental processes (15, 22) . Still, few previous studies have used 66 genomic approaches to study somatic variations among clones (22,23,30-32). The first to publish 67 a genome-wide exploration of somatic variation in grapevine was Carrier et al. (2012) , finding 68 that transposable elements were the largest proportion of somatic mutation types affecting four 69 Pinot Noir clones. Whole genome sequencing was also used to study structural variations and 70 complex chromosomal rearrangements in Tempranillo, comparing diverse accessions of 71 phenotypically distinct Tempranillo Tinto and Tempranillo Blanco to better understand the basis 72 4 of somatic mutations giving rise to red versus white fruit (22) . Genomic tools may also help 73 understand the consequences of clonal propagation. This study used whole genome sequencing 74 to expand the body of knowledge concerning the impact of vegetative propagation on the 75 Zinfandel winegrape. 76 Zinfandel is the third-most cultivated wine grape in California (33,34) and is particularly 77 interesting because of the intrigue surrounding its parentage, origins, and most contentiously, its 78 import to California (35-37). Zinfandel's parents remain unknown, but what is known of its 79 history was carefully reconstructed (38). Zinfandel likely arrived in California following 80 cultivation in the northeastern United States (35, 39) . DNA profiling produced evidence that 81 Zinfandel is synonymous with Primitivo grown in Italy (40) and Croatian Pribidrag and Crljenak 82 Kastelanski (41). In the course of its travels, Zinfandel bore many other names, probably 83 including Zinfandel and Black St. Peters, to name a couple. Historical records plus the 84 cultivation of closely related cultivars support Croatia as the likely origin of Zinfandel (36, [41] [42] [43] 85 and also that Primitivo was likely brought to the Gioia del Colle region in Italy by Benedictine 86 monks in the 17 th century (3, 44) . 87 Like other vinifera cultivars, there is phenotypic diversity among Zinfandel clones 88 associated with important viticultural traits (39, 45, 46) . Comparisons of Zinfandel, Primitivo, and 89 Crljenak Kastelanski selections indicate clonal variation in yield, cluster size, width, and weight, 90 berries per cluster, berry weight, and fruit composition (46). Primitivo reportedly yields more 91 fruit that matures earlier, is less susceptible to sour rot (45) and is arranged in looser, smaller, 92 clusters with fewer berries than Zinfandel (39). The reported variability in Zinfandel and its long 93 history of cultivation make it a suitable model for studying clonal variation in grapevine, 94 specifically, and the nature of the accumulation of somatic mutations in clonally propagated 95 crops, generally. Importantly, University of California Davis and Zinfandel Advocates and 96 5 Producers (ZAP) established a heritage vineyard of Zinfandels, making it possible to study clonal 97 variation in a common environment. 98 The purpose of this study was to better understand the nature of the somatic variations 99 that occur during vegetative propagation. Representatives of at least a portion Zinfandel's history 100 (36,41-43) from Croatia, Italy, and California were sequenced and compared using Zin03 as 101 reference. Three conclusions were drawn from these data. First, the data support an important 102 component of Muller's ratchet (47), that asexually propagated organisms accumulate deleterious 103 mutations. Second, we show that intergenic space drives clonal diversification. As previously 104 reported, transposable element insertions varied among clones (48). This report expands that 105 understanding to implicate methylation as an indirect driver of clonal diversification; rare 106 somatic heterozygous SNPs were most observed in the repetitive intergenic regions, likely 107 because of the high levels of transposition-inhibiting methylation and associated transition 108 mutations that are prevalent there. Third, somatic mutations were relatively scarce in the coding 109 regions of genes relative to introns and intergenic space, suggesting some degree of negative 110 selection against deleterious mutations. 7 into the differences between them. By mapping reads to the haplotig assembly, we could better 145 understand the circumstances that explain why some genes were only identified by reciprocal 146 mapping within that assembly. 147 Structural variants (SVs) between the haplotypes were examined by mapping long SMRT 148 sequencing reads onto Zin03's primary and haplotig assemblies with NGMLR and calling SVs 149 with Sniffles (55). A total of 22,399 SVs accounted for 6.94% (41.0 / 591 Mbp) of the primary 150 assembly's length and 6.02% (8.4 / 139 Mbp) of the primary assembly's gene-associated length 151 ( Figure 2A ; Table 3 ). SVs intersected 4,559 genes in the primary assembly (13.6% of primary 152 assembly genes) and 390 SVs spanned more than one gene. There was also substantial 153 hemizygosity in the genome, with long reads supporting deletions amounting to 2,521 genes and 154 4.56% of the primary assembly's length (Table 3 ). Manual inspection of the long reads aligned 155 to the primary assembly support that large, heterozygous deletions and inversions occurred in the 156 Zin03 genome that were either inherited from different structurally distinct parents or arose 157 during clonal propagation (Figure 2 B-D). 158 Next, we considered whether specific structural variation could account for the 1,159 159 genes uniquely found in the haplotig assembly. Three hundred eighty-two genes of the 160 previously mentioned 1,159 genes that uniquely exist within the haplotig assembly intersected 161 structural variations. Two hundred ninety of these intersected deletions, accounting for the 162 failure to identify them on the primary assembly. Some of the haplotig genes that failed to map 163 to the primary assembly intersected additional types of SVs, including duplications (80 genes), 164 insertions (89 genes), and inversions (16 genes). 165 These results reveal structural differences between Zinfandel's haplotypes. These 166 differences could have been inherited and/or could have occurred during vegetative propagation. 167 Overall, these structural variations affected 4,559 primary assembly genes. Importantly, these 168 8 data show that a notable portion of the primary assembly's length (4.56%) and genes (2,521) are 169 hemizygous.
171
Differences in structure and gene content between Zinfandel and other grape genomes 172 The Zin03 genome was compared to PN40024 and Cabernet Sauvignon to identify 173 cultivar-specific genes that may contribute to Zinfandel's characteristics. PN40024 is the inbred 174 line derived from Pinot Noir used to develop the first grape genome reference (54) and Cabernet 175 Sauvignon (CS08) was recently used to construct the first diploid, haplotype-resolved grape 176 genome for which long reads are available (53). Overall, 1,801 genes were not shared between 177 all three genotypes (Zin03, Pinot Noir, and Cabernet Sauvignon, Figure 3A ). Three hundred nine 178 protein coding genes were found uniquely in Zin03 relative to PN40024 and CS08; 223 were 179 annotated on the primary assembly and 86 were annotated on the haplotigs ( Figure 3A , 180 Additional file 2). These genes had a panoply of functions that included but were not limited to 181 nucleotide binding (60 genes), protein binding (58 genes), stress response (34 genes), and 182 kinases (28), and were associated with membranes (48 genes), signal transduction (23 genes), 183 carbohydrate metabolism (12 genes), and lipid metabolism (8 genes; Additional file 2). 184 Structural differences between Zin03 and CS08 were explored in more detail by mapping 185 the long SMRT reads of CS08 onto Zin03's primary and haplotig assemblies with NGMLR and 186 calling SVs with Sniffles ( Figure 3B , Table 3 ). Overall, these SVs corresponded to 17.74% (159/ 187 897 Mbp) of the Zin03 assembly's total length, 12.5% of its total protein-coding regions (28 / 188 223 Mbp), and 25.6% of all Zin03 genes. SVs spanned 9,885 genes in the primary assembly and histories of these clones means that it should not be taken for granted that the Californian 209 selections, for example, ought to be more closely related to one another than to the Italian or 210 Croatian selections. Notably, Crljenak kaštelanski 3 stands notably apart from the other 211 Zinfandel clones. In addition, Pribidrags 5 and 15, which have a known and close relationship, 212 do not co-localize in the PCA ( Figure 4A , B, Table 1 ). 213 A kinship analysis (56) was then used to quantitatively assess the relationships between Figure 4C ). These data suggest that Crljenak kaštelanski 3 is either not a clone of 224 Zinfandel, contradicting marker analyses, or that it is a highly divergent clone. 225 Across the Zinfandel clones, the median number of homozygous and heterozygous 226 variants called relative to Zin03 were 38,092 and 717,925, respectively. Between 10-fold and 227 ~27-fold more heterozygous variants were called than homozygous variants in each clone except 228 for Crljenak kaštelanski 3, for which only ~2.5-fold more heterozygous sites were called 229 (Additional file 3: Table S1 ). Crljenak kaštelanski 3 had 4.3-fold more homozygous variants and 230 1.8-fold fewer heterozygous variants than the other clones (Additional file 3: Table S1 ). 231 Furthermore, unlike other clones, for which less than 10% of sites did not share the Zin03 232 reference allele, ~29% of variant sites were called where Crljenak kaštelanski 3 did not share the 233 Zin03 reference allele (Additional file 3: Table S1 ). Together, these results suggest that unlike 234 other Crljenak kaštelanski selections (41,43,46), Crljenak kaštelanski 3 is likely a close relative 235 of, but quite possibly not a clone of, Zinfandel. Because these analyses cast doubt on its identity 236 as a Zinfandel clone, Crljenak kaštelanski 3 was excluded from the clonal variation analyses 237 described in the rest of the study. Fifteen clones, including Zin03, remained in the analyses 238 (Table 1) Table 2 ). Both of these figures excluded heterozygous sites at which the 246 diploid genotype called for a given sample was identical to that called for Zin03. 247 Variants were 7.9X more frequent in other cultivars relative to Zin03 than for Zinfandel 248 clones; on average, mutations in clones occurred once every 723 bases and in once every 92 249 bases in other cultivars (Additional file 3, Table 2 ). However, the ratio of transitions to 250 transversion mutations and the proportions of the severities of the predicted variant effects were 251 similar for both groups (Additional file 3, Table 2 ). The normalized count of variants also INDELs, there were 3 and 3.5-fold as many heterozygous variants shared by all 15 clones as 283 there were uniquely occurring variants; there were 71.5-fold more structural variants shared by 284 all clones than there were unique variants in individual clones ( Figure 6A ). This suggests that the 285 mechanisms that give rise to small mutations are more common among clones than the large- Figure 6B ). 292 Shared heterozygous SNPs were most common in intergenic non-repetitive regions and introns 293 and least common in exons and repetitive intergenic regions ( Figure 6B ). Interestingly, unique 294 heterozygous SNPs occurred at high rates in repetitive intergenic regions ( Figure 6B ). 295 That shared heterozygous sites are mostly in non-repetitive intergenic space and unique 296 heterozygous sites are mostly in repetitive space may have to do with the disposition of 297 methylated cytosines to spontaneously deaminate and the prevalence of methylated repetitive 298 sequences in those regions (16, 19, 25, 26) . This is also supported by the significantly higher ratio 299 of transitions to transversions in repetitive intergenic regions than in exons, introns, and non-300 repetitive intergenic space ( Figure 6C ). Furthermore, the mean percentage of CpG, CHG, and 301 CHH sites affected by transition mutations was significantly higher in repetitive intergenic space 302 than genic and non-repetitive intergenic spaces ( Figure 6D , Tukey HSD, p < 0.01). The mean 303 percentage of CpG sites affected by transition mutations was also significantly higher in introns 304 than exons (Tukey HSD, p < 0.01). Compatible with this hypothesis, INDELs, which should not 305 increase in frequency due to methylation, did not occur preferentially in repeats ( Figure 6B ). 306 The impact of specific variants also varied with their prevalence among the clones 307 ( Figure 6E ). "High impact" mutations were predicted by SNPEff (61). The high impact 308 mutations identified in these data included exon losses, start and stop site gains and losses, 309 frameshifts, gene fusions, splice acceptor mutations, and splice donor mutations. These 310 mutations are predicted to be deleterious because of their disruptive effects on the coded protein. For these reasons, we designated such mutations as putatively deleterious in this manuscript. 312 These were counted for each Zinfandel clone relative to Zin03. Relatively low percentages of 313 heterozygous variants shared by all Zinfandel clones were putatively deleterious. In contrast, 314 larger proportions of exonic SNPs and INDELs that occurred in individual or subsets of clones 315 were putatively deleterious ( Figure 6E ). 316 Together, these results show that mutations associated with vegetative propagation are 317 most numerous outside of coding regions of the genome, indicating that clone genomes diversify 318 most rapidly in the intergenic space, particularly in repetitive and likely methylated regions 319 ( Figure 6 ). Though a minority of somatic mutations occurred in exons, we show that exonic 320 mutations that occur in few or individual clones are more often deleterious than exonic 321 heterozygous variants shared by all or most clones. In other words, vegetative propagation is 322 associated with the accumulation of putatively deleterious heterozygous mutations. supports Muller's ratchet, which posits that sex is advantageous and that clonal propagation 375 increases mutational load (47). That mutations among Zinfandel clones were overwhelmingly 376 heterozygous reflects the absence of sexual recombination and the fact that grapevine is diploid. 377 Though these and previous data do not tell which mutations are actually recessive or dominant, 378 they could remain hidden if they are recessive or do not manifest their deleterious effects (2,64). 379 However, even after taking into consideration the total length of exons, introns, and intergenic 380 space (repetitive and non-repetitive), heterozygous mutations occurred at varying frequency in 381 17 these regions and were least abundant in coding regions. The rarity of mutations in exons and 382 commonality of mutations in repetitive intergenic space may have at least two components. 383 Mutations are likely more frequent in repetitive intergenic space as a result of the 384 regulation of transposition by DNA methylation. Repetitive intergenic space had the highest rate 385 of relatively unique SNPs and the ratio of transitions to transversions was significantly higher 386 there than in other regions. DNA methylation is an important epigenetic control and is one 387 mechanism that maintains genome stability and impairs the transposition of mobile elements 388 (25,65,66). Methylated cytosines, however, spontaneously deaminate faster than unmethylated 389 cytosines (18,26). Together, the expectations that intergenic regions are rich in transposable 390 elements, that these regions are typically highly methylated and as a result will experience 391 greater transition rates account for the high rates of SNPs in repetitive intergenic spaces among 392 Zinfandel clones. Also notable, these data show that some transposable elements are not entirely 393 silenced, with a substantial number inserting in genes or in close proximity to genes ( Figure 7B ). 394 These insertions could be effectively inconsequential or not; transposable element insertions can 395 result in novel transcripts and affect gene expression regulation (11,67). 396 The rarity of exonic mutations was surprising. After accounting for the length of these 397 spaces in the genome and their repetitiveness, we expected uniform rates of mutation in exons, 398 introns, and intergenic space. Instead, we still observed that although rare somatic mutations in 399 exons were increasingly deleterious, they were relatively scarce. This suggests the possibility of 400 an "escape hatch" from Muller's ratchet. Some degree of negative selection against deleterious 401 variants in coding regions may persist such that mutations are less frequent in coding than 402 noncoding regions of the genome. This would require somatic mutations to be exposed to This study described the nature of the mutations causing the diversification of 15 clonally 413 propagated grapevines and confirm their derivation from a single ancestral mother Zinfandel. 414 The findings indicate that repetitive intergenic space, likely because of its higher rates of 415 methylation in plants, is a significant contributor to the pool of mutations differentially observed 416 among the clones. In addition, the analyses revealed that though relatively infrequent compared 417 to intergenic mutations, mutations in exons were increasingly deleterious the less common they 418 were among Zinfandel clones; this suggests some mechanism by which deleterious alleles may 419 be purged from the genome. names, and source of the clones used in this study are listed in Table 1 . An FPS identification 430 number suffix of ".1" indicates that the clone underwent microshoot tip tissue culture therapy, 431 with two exceptions. Pribidrag 13 and Pribidrag 15 are directly derived from the same plants as 432 Pribidrag 4 and Pribidrag 5, respectively, but did not undergo microshoot tip tissue culture 433 therapy. They are labeled with identical FPS numbers to make clear that the relationship between 434 them is known. In this manuscript, Zinfandel clones will be referred to by the clone numbers and 435 common names listed in Table 1 . 
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